Bilaterally symmetric organisms need to exchange information between the left and right sides of their bodies to integrate sensory input and to coordinate motor control. Thus, an important choice point for developing axons is the Central Nervous System (CNS) midline. Crossing of this choice point is influenced by highly conserved, soluble or membrane-bound molecules such as the L1 subfamily, laminin, netrins, slits, semaphorins, Eph-receptors and ephrins, etc. Furthermore, there is much circumstantial evidence for a role of proteoglycans (PGs) or their glycosaminoglycan (GAG) moieties on axonal growth and guidance, most of which was derived from simplified models. A model of intermediate complexity is that of cocultures of young neurons and astroglial carpets (confluent cultures) obtained from medial and lateral sectors of the embryonic rodent midbrain soon after formation of its commissures. Neurite production in these cocultures reveals that, irrespective of the previous location of neurons in the midbrain, medial astrocytes exerted an inhibitory or nonpermissive effect on neuritic growth that was correlated to a higher content of both heparan and chondroitin sulfates (HS and CS). Treatment with GAG lyases shows minor effects of CS and discloses a major inhibitory or non-permissive role for HS. The results are discussed in terms of available knowledge on the binding of HSPGs to interative proteins and underscore the importance of understanding glial polysaccharide arrays in addition to its protein complement for a better understanding of neuron-glial interactions.
INTRODUCTION
The establishment of the basic circuitry in complex systems such as the Central Nervous System (CNS) of vertebrates or higher invertebrates involves inter-actions among growing axons and between growing processes and cell bodies of neuronal or nonneuronal cells at important choice points. As bilaterally symmetric organisms need to exchange information between the left and right sides of their bodies to integrate sensory input and to coordinate motor control, an important choice point is the CNS midline. At this site, growing axons decide whether to cross and project contralaterally or to remain on 692 LENY A. CAVALCANTE ET AL. the same side of the body in patterns appropriate for a given species. After projecting contralaterally, it is also important that growing axons remain on the same side, i.e., avoid recrossing the midline at the same or at a different level of the rostro-caudal axis.
It has been known for several years that normal visually-mediated behavior depends on the crossing, at the optic chiasm, of axons from each eye to the opposite side of the brain in a proportion that is appropriate for each species. In goldfish, in which all optic axons cross normally, visuo-motor responses are severely affected if ipsilateral projections are surgically induced (Easter and Schmidt 1977) . In humans, in which about half of the axons from each eye cross normally, an inborn malformation that prevents the development of the optic chiasm results in abnormal visual evoked potentials and faulty stabilization of visual images on the retina following movement of the visual environment (Apkarian et al. 1995) .
Disturbances of motor behavior that, although less dramatic, are still inappropriate for the species are found in rats in which mutations in components of a receptor protein tyrosine kinase system induces partial recrossing of axons running from the cerebral cortex to the spinal cord -the corticospinal tract. Although relatively normal by many standards, such animals hop rather than walk, i.e., display a kangaroo-like motor pattern (Dottori et al. 1998 , Kullander et al. 2001 .
The corticospinal tract is also consistently malformed in the X-linked hydrocephalus (XLH) syndrome in which more than 80 different mutations have been identified in the cell adhesion molecule L1 (L1CAM) (Reviews: Brümmendorf et al. 1998 , Kamiguchi et al. 1998 . This syndrome, known by many names such as X-linked spastic paraplegia, Xlinked corpus callosum agenesis, etc has a parallel in L1 knock-out rodents by the occurrence of defects in the development of the corticospinal tract and cerebellar vermis, hydrocephalus and impaired learning. The loss of L1 function alters both axon guidance, particularly at the midline, and neural morphogenesis but probably by different mechanisms.
Axon growth encompasses elongation, interstitial branching and terminal branching (MendezOtero et al. 1985 , Bhide and Frost 1991 , Jhaveri et al. 1991 all of which are presumably influenced by extracellular signals. Molecular signals that direct the different phases of axon growth are primarily unknown; some of these signals may be intrinsically programmed in the neuron while others may be derived from the definite or from an intermediate target (Review: Kalil et al. 2000) as well as by "neighbor pioneer" axons (Henke-Fahle et al. 2001) . In recent years, considerable effort has been made in what concerns the role of soluble or membrane-linked proteins on axonal/ neuritic growth at the midline (see section Some attractive and repulsive molecules at the midline). Investigation on these proteins has often benefited from complex models generated by genetic technology, that allow in vivo studies. However, results of numerous investigations of cell motility and axonal sprouting have suggested that glycolipids and other glycoconjugates serve important functions in cellsubstratum interactions and neurite extension (Reviews: Mendez-Otero and . Such studies have, in general, lagged behind those on similarly distributed proteins because of several technical difficulties.
The proteoglycans (PGs) and/or their glycidic moieties -glycosaminoglycans (GAGs) -involved in the axon guidance or growth have not been well characterized in vivo although it is expected that they are important for several reasons including the in vitro binding to chains of GAGs of proteins involved in these phenomena (e.g. Bennett et al. 1997) . Recent studies using Drosophila mutants and transgenic mice indicate that, for instance, sulfation of heparan sulfate (HS) has important roles in developmental processes . However, since HS interacts with various molecules that are essential for early morphogenesis, transgenic mice and Drosophila mutants that lack proper HS biosynthesis show multiple developmental defects (Bullock et al. 1998 ). Thus, it has been difficult to study the role of HS in late devel-opmental processes such as the formation of nerve connections.
We review here some recent studies on the effects of HS of axonal and glial proteoglycans on the specific events of neuritic growth and guidance at the CNS midline against the background of present knowledge on some of the best characterized attractive and repulsive protein molecules.
THE MIDLINE OF THE CENTRAL NERVOUS SYSTEM
Information about the role of the midline on the control of axon navigation comes from several sites but the best documented example in the vertebrate CNS is the spinal cord floor plate Dodd 1990, Bernhardt 1994 ), a set of primitive glial cells also recognized in the lower brainstem (Kingsbury 1930) , where commissural axons traverse, turning at its contralateral border (Bovolenta and Dodd, 1990) . Labeling of the commissural growth cones reveals changes in their morphology as they encounter distinct regions of the pathway, again suggesting some contact-mediated mechanism at the midline (Bernhardt 1994, Imondi and Kaprielian 2001) . It is expected that at choice points there is differential expression of cell adhesion or extracellular matrix (ECM) molecules and it is known that the resident cells at the midline produce molecules that both direct, promote and/or inhibit axon growth across the midline (Review: Kaprielian et al. 2001) .
The notochord and floor plate are not clearly defined in morphological terms at the ventral mesencephalon (ventral midbrain) and diencephalon midline in comparison with the rombencephalon (hindbrain) and spinal cord (Kingsbury 1930) but there is evidence that similar mechanisms control morphogenesis (Puelles 1995) as well as axon growth and guidance at these levels. In the diencephalon and midbrain midline, congregations of specialized glial cells (Barradas et al. 1989 , Snow et al. 1990a , Wu et al. 1995 , transitory neurons (Sretavan et al. 1994 ) and a growing number of molecules have been identified (Reviews: Mason and Sretavan 1997 . For instance, the first retinal ganglion cell axons arriving at the embryonic mouse ventral diencephalon encounter an inverted V-shaped neuronal array defining the midline and posterior boundaries of the future optic chiasm. These neurons express L1, an immunoglobulin superfamily molecule known to promote retinal axon outgrowth, CD44, a cell surface molecule that inhibits embryonic retinal axon growth in vitro and a neuronal subpopulation expressing SSEA-1. Incoming retinal axons do not penetrate this L1/CD44/SSEA-1 neuron array, but turn to establish the characteristic X-shaped optic chiasm along the anterior border of this array. It has been hypothesized that L1/CD44 neurons may serve as an anatomical template for retinal axon pathways at the embryonic mouse ventral diencephalon.
The roof plate localized at the dorsal midline of the spinal cord, midbrain and diencephalon has been described as a transient barrier for axonal elongation (Jhaveri 1993) . The resident radial glial cells of the roof plate suffer changes in their arrangement and density and express selectively certain ECM molecules, such as keratan and chondroitin sulfates. The presence of these GAGs plus the behavior of dorsal root ganglion axons growing on a substrate containing keratan and chondroitin sulfate has led to the suggestion that glial cells at the roof plate may be responsible for preventing crossing of neurites through the dorsal midline (Snow et al. 1990a) . However, it is not clear whether the roof plate has similar properties along its entire rostro-caudal axis since the diencephalic roof plate (subcommissural organ), together with the rombencephalic floor plate are the source of secretory compounds of related nature that are not produced in any other level of the roof or floor midline (Yulis et al. 1998) .
It has been known for some time that nonneuronal cells in the dorsal brain stem midline differ from their lateral neighbors in their ability to take up exogenous label borne by afferent axons (Barradas et al. 1989, Kageyama and Robertson 1993) as well as in glycogen deposition, binding of antibodies against S-100 protein, RC1 and R2D5 anti- gens, cytoskeletal components and annexins (Van Hartesveldt et al. 1986 , Barradas et al. 1989 , Snow et al. 1990a , Mori et al. 1990 , McCabe and Cole 1992 , Hamre et al. 1996 , Wu et al. 1995 . It is interesting to notice that both the floor plate and the roof plate at both cord and midbrain (median ventricular formation) levels, together with the lamina terminalis, are part of the discrete embryonic sites containing cells which have exited the cell cycle very early during embryogenesis (Raedler et al. 1981, Kahane and Kalcheim 1998) . It has been hypothesized that this early withdrawal from the cell cycle contributes to modeling the morphology of the SNC (Kahane and Kalcheim 1998).
SOME ATTRACTIVE AND REPULSIVE MOLECULES AT THE MIDLINE
Studies of midline crossing in the invertebrate ventral cord and in the vertebrate spinal cord have provided a wealth of information applicable to the interpretation of the molecular mechanisms involved in the elongation mode. This information has been often reviewed in excellent texts (Cf., for instance, Tessier-Lavigne and Goodman 1996 , Fitch and Silver 1997 , Dow and Wang 1998 , Brose and TessierLavigne 2000 , Kaprielian et al.2001 , Ba-Charvet and Chédotal 2002 and only a few comments, with potential relevance to the function of proteoglycans, will be mentioned here. Families of guidance molecules that are remarkably conserved in structure and function in vertebrates and invertebrates are the L1 subfamily (members of the immunoglobulin superfamily), laminin, netrins, semaphorin and Eph (erythropoietin-producing hepatocellular) receptors-ephrin (Eph-receptor-interacting proteins) families.
L1 Subfamily
The L1 proteins subfamily comprises four vertebrate members -L1, neurofascin, NrCAM (neuronglia cell adhesion molecule related cell adhesion molecule), and CHL1 (close homologue of L1) -and two invertebrate members -neuroglian and tractin. A detailed examination of the corticospinal tract in L1 deficient mice revealed that this protein is important for the guidance of corticospinal axons across the pyramidal decussation at the hindbrain/ spinal cord boundary. In one type of Ll-deficient mice, corticospinal axons appear to extend normally to the caudal medulla, at the decussation; however, only very few axons grow to the contralateral dorsal column (Cohen et al. 1998) , as in the normal projection. Instead, many axons grow ventrally and enter the contralateral pyramid although this error may be corrected later in development. In another L1 knock-out mouse, a decreased size of the corticospinal tract at the level of the caudal medulla was observed (Dahme et al. 1997 ), a finding that may be related to a role of L1 in neurite fasciculation.
It is unclear whether L1 is essential for other commissural pathways (e.g. optic chiasm and the spinal cord ventral commissure). Early work in the rat reported that commissural axons start to express L1 only after crossing the midline (Dodd et al. 1988) whereas in the chick both ipsi-and contralateral portions of commissural axons express a closely related CAM protein (Shiga et al. 1990 ). However, recent reexamination of this presumptive species variation indicated that L1 was expressed on rat commissural axons in a pattern similar to that observed in the chick (Tran and Phelps 2000). It is interesting to notice that many axons of the late-developing dorsal spinal commissure also express L1 (Orlino et al. 2000) . Another remarkable fact is that both axons that course through the ventral midline areas and specialized glial formations that occur at this site, including the floor plate in the spinal cord, the hindbrain and midbrain, the optic chiasm, and the median eminence in the forebrain are immunoreactive for Nr-CAM, a member of the L1 subfamily (Lustig et al. 2001) .
Laminins
The laminins are a 15 member family of large cruciform glycoproteins (Timpl et al. 1979 ) containing five different α chains (α1 − α5) of 200-400 kDa which combine with β (220 kDa) and γ (210 kDa) chains into disulfide-bonded heterotrimers. The Cterminal globular domains of the α chain are critical for driving laminin polymerization and heparin binding (Yurchenco et al. 1985 (Yurchenco et al. , 1990 . Several other ECM molecules may bind laminin through these globular domains, such as perlecan and α-dystroglycan (Talts et al. 1999 ). In the central nervous system, laminins are produced by astroglia (Liesi and Silver 1988) and neurons (Zhou 1990) and their potent axon growth and guidance capacities have been demonstrated repeatedly in tissue culture assays (Luckenbill-Edds 1997) . Accordingly, laminin immunoreactivity has been described along acellular spaces where future fiber bundles will form, increasing in expression during the stage when many nerve fibers are navigating to their targets (Zhou 1990 ). Nevertheless, laminin together with putative inhibitory molecules such as chondroitin sulfate and tenascin-C, forms "tunnels" that constrain anterior commissure axons as they cross the midline (Pires-Neto et al. 1998) .
It is possible that differences in tertiary or quaternary structure of laminin should be of higher biological significance than its mere presence. In an in vitro model of glia-neurite interactions at the midbrain midline, Garcia-Abreu and coworkers (1995a, b) showed that astrocytes derived from medial midbrain sectors presented a punctate distribution of laminin and poor neurite growth-supporting whereas astrocytes originating from lateral midbrain sectors exhibited a fibrillary distribution of laminin and an exemplary propensity to support neurite growth. To our knowledge, there are no other examples on functionally-related patterns of lamininimmunoreactive structures at the midline. It should be noted, in passing, that punctate and fibrillary patterns of laminin immunoreactivity have also been observed in reactive astrocytes that express GFAP (laminin punctate pattern) and GFAP-null mutants (laminin fibrillary pattern) in correlation with their permissive and non-permissive nature, respectively (Lefrançois et al. 1997 , Tardy 2002 .
Netrins
Netrins, proteins of about 600 aminoacids, related to but smaller than laminins, and their receptors, termed DCC (product of the gene Deleted in Colorectal Carcinoma), are bifunctional guidance cues (Fazeli et al. 1997 ). Netrin 1 is produced by floor plate cells at the spinal chord midline and is required as an attractant of commissural axons from the dorsal spinal cord and as a repellent of axons that migrate away from the midline (Colamarino and Tesser-Lavigne 1995, Varela-Echavarria et al. 1997) . Both attractive and repulsive responses of axonal growth cones to Netrin-1 seem to be mediated, at least partially, by DCC and require the presence of extracellular calcium (Ming et al. 1997 ). Both laminin-1 from ECM and low levels of cyclic AMP in growth cones convert netrin-mediated attraction into repulsion (Hopker et al. 1999 ). Netrins and their receptor DCC bind heparin, indicating that GAGs may modulate their biological actions in a similar fashion as described for several other ligandreceptor systems (Kappler et al. 2000) .
Slit
Negative guidance molecules are important for guiding the growth of axons and ultimately for determining the wiring pattern in the developing nervous system. It is interesting to notice that studies of the arborization mode of axonal development led to the discovery of a repulsive guidance system that prevents inappropriate axons from crossing or recrossing the CNS midline . This repulsive system, identified from genetic studies in Drosophila, is mediated by secreted ligands -slit -and their Roundabout (Robo) receptors. Three distinct slit genes (Slit1, Slit2 and Slit3) and three distinct robo genes (robo1, robo2 and rig-1) have been cloned in mammals. The mammalian homologues of slit are ligands of the heparan sulfate proteoglycan (HSPG) glypican-1 (Liang et al. 1999 , Ronca et al. 2001 .
In collagen gel cocultures, slit1 and slit2 can repel and collapse olfactory axons in explant cultures and this repulsion involves heparan sulfate (Hu 2001) . In addition to a repulsive effect, there is a branching effect associated with slits (Ba-Charvet and Chédotal 2002), as slit2 stimulates the formation of axon collateral branches by NGF-responsive neurons of the dorsal root ganglia (DRG). Interestingly, slit is found at both the floor and the roof plate , thus, in positions to discourage axons to cross the dorsal midline and to prevent recrossing of the ventral midline.
Slit 2 is expressed in the preoptic area while slit1 is expressed at the optic chiasm (Erskine et al. 2000) and the latter may be partially responsible for the growth-reducing effect of chiasmatic cells (Wang et al. 1995) . Disruption of both Slit1 and Slit 2 genes in mice causes many defects such as the development of a large additional, rostral chiasm (loss of slit 2), the appearance of retino-retinal projections and ectopical extension of axons dorsally and laterally to the chiasm but maintenance of both an ipsilateral and a contralateral projection (Plump et al. 2002) . Thus, it appears that slit proteins have no true guidance function in contrast, for instance, with slit at the midline of the Drosophila ventral cord.
The loss of slit expression may result in complex consequences in the trajectory of forebrain tracts, since slit 2 appears to be expressed by radial glia and diffuse to their processes in the ventral forebrain, and few axons cross the midline through the corpus callosum. That suggests that callosal neurons are sensitive to slit proteins prior to midline crossing (Bagri et al. 2002) , thus differing from contralaterally-projecting axons in the spinal cord . In late embryos of mice carrying loss-of-function alleles of both Slit1 and Slit2, most cortical fibers that enter the internal capsule are directed to a ventral position toward the midline, some of which cross it, turn around and return toward the midline while other axons cross in a large ectopic commissure (Bagri et al. 2002) .
Axons that encounter a gradient of inhibitory proteins tend to tight axon fasciculation and avoid aberrant growth into inappropriate sites. In addition to slit, families of molecules that cause growth cone collapse have been identified, including semaphorins and ephrins.
Semaphorins
The semaphorins form a large family of signaling molecules that have been known for some years to repel or, less often, to attract specific axons in culture and/or to affect axon guidance in vivo (Reviews: Raper 2000, Tamagnone and Comoglio 2000) . Semaphorins can be distinguished by their biochemical structures as being secreted, membrane glycosylphosphatidyl-inositol (GPI)-anchored or transmembrane molecules. Semaphorins function through receptors consisting of plexins (transmembrane semaphorins) or neuropilin-plexin complexes (soluble semaphorins and neuropilin-1 and/or neuropilin 2).
The clearest demonstration that ipsilateral and contralateral axons from a given pathway may respond differentially to a diffusible semaphorin has been obtained for tecto-bulbar (ipsilateral) and tectospinal (contralateral) axons of the chick brain in their response to semaphorin 3A (Henke-Fahle et al. 2001) . The conclusion, obtained from cocultures of explants from the tectum and the (diencephalic) site of origin of axons of the medial longitudinal fascicle, is that this fascicle is the source of semaphorin 3A that repels the neuropilin-1-expressing tecto-bulbar fibers. Molecules of the slit family appear not to be involved in the discrimination between (chick) midbrain axons destined to cross the midline or to remain ipsilateral at very early stages such as the time of development of tecto-bulbar and tecto-spinal fibers. According to Henke-Fahle and coworkers (2001) outgrowth from tectal explants is unaffected by the floor plate and/or slit 2, raising the possibility that there are species-specific differences with respect to the relative contribution of slit and semaphorins to axon guidance at the midline. Indeed, previous work in the rat had suggested that the floor plate at all axial levels displayed both chemoattractive and chemorepellent activities (Tamada et al. 1995) . Interestingly, Zou et al. (2000) have shown that Slit-2 and two semaphorin proteins (Sema 3B and Sema 3F) contribute to repelling commissural axons that have crossed the midline floor plate at the spinal cord, directing them away from the ventral gray matter and into the surrounding fiber tracts.
As mentioned previously, defects of the corticospinal tract in humans have often been attributed to mutations in the gene encoding L1 CAM, a phenotype that is reproduced in L1-deficient mice. It is interesting to notice that Sema3A secreted from ventral spinal cord explants repels cortical axons from wild-type but not from L1-deficient mice. L1 and neuropilin-1 (NP-1) form a stable complex and their extracellular domains can directly associate (Castellani et al. 2000) .
With regard to a role for semaphorins mediated by the receptor neuropilin 2, several central tracts including the anterior commissure presented marked defects in neuropilin-2 loss-of-function mutants, together with several cranial nerves, the initial central projections of spinal sensory axons, etc . To our knowledge, there is no evidence for a role of anchored-or transmembrane semaphorins in control of axon growth and guidance at the midline.
Eph Receptors and Ephrins
One group of putative guidance molecules that is amongst the most intensely studied at present is that formed by the Eph family of receptor tyrosine kinases and their ligands (ephrins), more extensively considered in all vertebrate classes Klein 1997, Holder and Klein 1999) but also identified in C. elegans (George et al. 1998) , Drosophila (Scully et al. 1999 ) and even in a sponge (Suga et al. 1999 ). The Eph receptors-ephrins group contains at least 14 different receptors and 8 ligands that are divided into two subclasses: 1. The EphA receptors that interact preferentially with GPI-anchored, A-class ephrin ligands and EphB that interact preferentially with transmembrane B-class ephrin ligands. Within each subclass, receptors bind to more than one ligand and ligands can activate more than one receptor, with the Eph A4 receptor being able to bind significantly to some of the transmembrane ligands, in addition to all of the GPI-linked ligands. Furthermore, recent evidence suggests that both EphA receptors and GPI-anchored ephrin-As can function as receptors and play important roles in development of the retinotectal and vomeronasal projections. Data from neuronal and non-neuronal cell lines indicate that EphAs and ephrin-As activate the same signaling pathways but in opposite directions (Knöll and Drescher 2002) .
One of the first evidence implicating Eph receptors -EphB2 -in axon guidance in the embryo came from targeted mutation studies in the mouse (Henkemeyer et al. 1996 ). An embryo homozygous for loss of EphB2 function lacked part of the anterior commissure and the loss of commissural axons was even more dramatic in mice null for both EphB2 and EphB3 (Orioli et al. 1996) . However, as the neurons of origin of the anterior commissure do not express EphB2, the authors suggested that the phenotype might reflect loss of signaling through the ligand to which it normally binds.
Mice with a null mutation of the Eph A4 gene also presented deficiencies in the anterior commissure but their most noticeable trait was an abnormal locomotion pattern, described as a kangaroolike gait that resulted from an aberrant cortico-spinal tract (Dottori et al. 1998 ). This tract commands voluntary movement by ultimately connecting the motor cerebral cortex with interneurons and spinal cord motoneurons in the contralateral side (Kuypers 1981 ). In the normal tract, axons from each side of the cortex proceed to the caudal medulla where most of them cross or decussate the midline to the contralateral side, descending via the dorsal funiculus of the spinal cord in rodents and other non-primate mammals. More recently, it has been demonstrated that ephrin B3 knock-out mice presented the same abnormal locomotion pattern and recrossing of the cortico-spinal tract at the cord midline as Eph A4 knock-out mice (Kullander et al. 2001) . Thus, binding of ephrin B3 to Eph A4 receptors provides the repulsive signal that prevents axons from recrossing the midline.
Eph-related receptors of the A subclass and their ligands appear also to be implicated in the inhibition of retinal neurite growth, particularly of uncrossed neurites, by hypothalamic neurons and glia at the optic chiasm (Marcus et al. 2000 , Cf. also Wang et al. 1995 . Blocking of Eph A subclass interactions reduces both the inhibition and the differential response or retinal neurites in hypothalamic cells aggregates, with ephrin A1 binding suggesting a preferential repulsive response of a chiasmatic radial glial palisade and EphA2 and EphA5 binding suggesting a selective response of the chiasmatic CD44/ SSEA neurons (Sretavan et al. 1994 . Interestingly, ephrin B2 labeling concentrates in the region overlapping the radial glia midline palisade (Marcus et al. 2000) . It has, in fact, been postulated that the presence or absence of ipsilateral projections from the eye to the brain in a given species is related to the Eph receptor-transmembrane ephrin system (Nakagawa et al. 2000) . Ephrin-B is found in the chiasm of mammals, which have ipsilateral projections, but not in the chiasm of fish and birds, which do not have such projections. Imondi and coworkers (2000) demonstrated that all three Eph family transmembrane ligands, ephrin-B1, ephrin-B2, and ephrin-B3, are expressed in the floor plate region of the spinal cord with ephrin-B3 mRNA being highly restricted to the midline. Furthermore, a receptor for these ligands is absent on commissural axons en route to the floor plate, but is highly expressed on those axonal segments that have crossed the ventral midline. Moreover, all three transmembrane ligands collapsed commissural growth cones, in vitro, thus, reinforcing the notion that ephrin-B class ligands and EphB1 constitute a contact-mediated, repulsive midline guidance system (Imondi et al. 2000 .
The momentous issue of involvement of the Eph receptor-ephrins system in the establishment of the retinotopic map in the midbrain tectum has perhaps demoted the role of this system in the crossing of the midbrain midline. However, targeted disruption of the EphA8 receptor results in an abnormality in the projection of axons leaving the superior colliculus of the midbrain which contains normally a subset of neurons expressing EphA8. In mice with a disrupted EphA8 gene, most of the projections from the superior colliculus are normal, but there is a reduction in axons projecting to the contralateral inferior colliculus. Instead, a new projection appears in the ipsilateral spinal cord, implying an effect on axon guidance (Park et al. 1997) . Candidate ligands for EphA8 that might be involved in this guidance include ephrin-A2 and ephrin-A5, particularly ephrin-A5, postulated as providing a posterior barrier that could normally prevent axons with EphA8 from growing caudad and, thus, divert them to the contralateral inferior colliculus (Park et al. 1997) . At the present time, it is known that both ephrin-A1 and ephrin-A4 ligands bind efficiently to the EphA8 receptor expressed in fibroblasts (Choi et al. 1999) but it is not known whether this fact has any functional relevance for axon growth and guidance at the midbrain midline.
Receptor Tyrosine Phosphatases
Phosphotyrosine signaling is finely regulated by the action of multiple protein tyrosine kinases and protein tyrosine phosphatases, many of which are receptor-like molecules (receptor-like protein tyrosine phosphatases, RPTPs) and most of these are highly expressed in developing nervous systems (Review: Stoker 2001) . These receptor-like RPTPs are composed of an extracellular domain, a single transmembrane domain, and a cytoplasmic portion that contains one or two tyrosine phosphatase domains. RPTPs often reside in axonal shafts as well as in the membranes of growth cone lamellipodia and filopodia strongly suggesting roles in nerve development.
RPTPβ (also known as PTPξ ) and RPTPγ are two members of a subfamily of RPTPs that contain a region in their extracellular domains that has sequence homology to the enzyme carbonic anhydrase (CAH) (Barnea et al. 1994 , Stoker 2001 . Three different isoforms of RPTPβ are expressed as a result of alternative mRNA splicing: a short and a long transmembrane forms and a secreted form composed of only the extracellular domain of RPTPβ, also known as 3F8 proteoglycan or phosphacan. Both transmembrane RPTPβs and the phosphacan isoform are predominantly expressed as chondroitin sulfate proteoglycans (Maurel et al. 1994) .
Phosphacan binds to the cell adhesion molecules, N-CAM, L1, and TAG-1 (Milev et al. , 1996 . Phosphacan binding to TAG-1 depends largely upon the presence of its chondroitin sulfate chains since soluble chondroitin sulfate is an effective inhibitor of phosphacan-TAG-1 interactions (Milev et al. 1996) .
The three isoforms of RPTPβ are expressed throughout the developing and adult nervous system. Interestingly, RPTPβ/ phosphacan is also found in certain locations during development such as the roof plate (Meyer-Puttlitz et al. 1996) , a structure that axons avoid for an extended developmental period (Smith 1983 , Orlino et al. 2000 , in apparent contradiction to an induction of neurite outgrowth through contactin and Nr-CAM. Sakurai and coworkers (1997) remarked that such a discrepancy was due to the roof plate of the spinal cord being deficient in adhesion molecules in general while the fiber tracts have a rich assortment of CAMs (see also Faissner et al. 1994 , Garwood et al.1999 ). Therefore, it is likely that RPTPβ/ phosphacan differentially affects neurite growth depending on the relative abundance of the different forms of the molecule. Responses may also vary depending on the receptors available in particular neurons as well as on extracellular binding proteins such as tenascin. At the present time, the function of RPTPβ/ phosphacan in brain development is rather enigmatic, as there seems to be no obvious brain abnormalities in mice deficient in the three isoforms of RPTPβ (Harroch et al. 2000) .
In Drosophila, loss of function of the gene DPTP69D causes breaks in longitudinal midline fascicles as well as growth of longitudinal axons across the midline. This phenotype is greatly enhanced when both DPTP69D and DPTP10D functions are lost and is massively enhanced if the four genes DLAR, DPTP69D, DPTP10D and DPTP99A are all mutated. Thus, it has been suggested that Drosophila RPTPs are essential for transmission of the repulsive signal from Slit (Sun et al. 2000) . Loss of function in Drosophila RPTP genes causes defasciculation and aberrant axon branching into incorrect territories at the midline whereas loss of function in motor axons results in tighter fasciculation and failure to branch into correct, new territories. That suggests that the cellular role of a given RPTP may be dependent on its specific cellular context. RPTPδ, a phosphatase that interacts homophilically causes attractive turning of neurites from forebrain neurons in culture, that is independent of cyclic nucleotide influences. RPTPδ mRNA has been detected in the rat floor plate while RPTPψ mRNA was identified first in the roof and then in the lateral edges of the floor plate (Sommer et al. 1997) . It remains to be determined which roles these receptor tyrosine phosphatases have in axon growth and guidance at the midline.
PROTEOGLYCANS AND GLYCOSAMINOGLYCANS
A very large number of different proteoglycans is expressed in the CNS and a variety of these molecules have been implicated in the regulation of neurite outgrowth during development and regeneration (Re (Lander 1993) . Three types of disaccharide may be used, giving rise to three families of GAGs: the heparin/ heparan family, the chondroitin/ dermatan family, and the keratan family. The sugars of most GAGs are further chemically modified, e.g., by O-or N-sulfation, and GAGs are subsequently referred to as chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS), heparin, and heparan sulfate (HS) (Lander 1993 ). However, core proteins are not just scaffolds for GAGS; they contain domains that have specific biological activities (Iozzo 1998) .
Most PGs that are constituents of ECM in the mature brain are hyalectans (hyaluronic and lectin binding PGs) or lecticans and carry mainly CS side chains (CSPGs). There are also some sequence similarities in the genes encoding hyalectans and CD44, a transmembrane glycoprotein that is the main cell surface receptor for hyaluronic acid (HA) and carries a variable number of CS side chains. CD44 has 10 or more different isoforms, with variable abilities to bind HA or heparan sulfate (Piepkorn et al. 1999 ). Other secreted PGs are the keratancontaining and keratan-devoid variants of the soluble form of RPTPδ phosphatase or phosphacan and its mouse homologue DSD1 (Faissner et al. 1994 , Garwood et al. 1999 ). In the developing mammalian brain, aggrecan family proteoglycans, phosphacan/RPTPβ/ξ , and neuroglycan C (NGC) are the major classes of chondroitin sulfate proteoglycans .
HS side chains are covalently attached to a protein core in HS proteoglycans (HSPGs) which may belong to one of three broad classes: (1) those associated with the cell membrane and which may have a GPI anchor such as the glypicans; (2) the transmembrane forms such as the syndecans; (3) those HSPGs that are secreted by cells and located in the ECM such as perlecan (Iozzo 1998, Sanderson and . Heparan sulfate chains can vary in length, epimerization of glucuronic acid to iduronic acid, overall sulfation of the chains, and position of sulfation of the monosaccharides.
Non-Neuronal CS/KS/DSPGs Modulation of Neurite Growth at the Midline and Other Sites
The notion that proteoglycans or, more precisely, that CSPGs may contribute to a barrier function at the SNC midline can be dated to the seminal work of Snow et al. (1990a) , detailing the developmental cytological changes in the cord roof plate in rat embryos, a site avoided by dorsal root ganglion axons (Smith 1983) , and reporting on the presence of a keratan sulfate-like immunoreactivity in the roof plate. The same epitope disappeared from the dorsal midline of the spinal cord at the time of formation of the dorsal commissure (Smith 1983 , Cf. also Orlino et al. 2000 and was detected in the dorsal midline of the optic tectum in neonate hamsters (Snow et al. 1990a ) during the growth of retinal axons (Frost et al. 1979 ), a population that must be prevented from crossing the midbrain midline. In a subsequent analysis employing nitrocellulose-coated culture dishes as a substratum to attach laminin (or N-CAM) and proteoglycans of interest, the behavior of the main target population -dorsal root ganglion (DRG) neurons -in explant cultures was evaluated and showed a general inhibitory effect of KS/CS-PGs, DS-PG and, in much smaller measure, of a chondrosarcoma tumor cell CS-PG, devoid of KS and predominantly 4-sulfated (Snow et al. 1990b) . It is interesting to notice that Dou and Levine (1995) showed subsequently that chondroitin 4-sulfate (CS-4), CS-6 and KS inhibit neurite outgrowth from both cerebellar and DRG neurons on laminin-coated surfaces whereas DS and HS had no effect on these neurons under similar conditions.
Additional work by Snow and coworkers (1996) showed that soluble CSPGs (versican-like, aggrecan-like, etc) at different concentrations inhibited neurite outgrowth from DRG neurons and decreased the rate of neurite elongation on a fibronectin substratum but had little or no effect on neurite initiation or outgrowth on a laminin substratum. However, not all neurite inhibitory effects of CSPGs should be attributed to CS. For instance, CS chains of CSPG-enriched fractions such as brevican and versican V2-enriched fractions from bovine myelin contribute only to a minor extent to the inhibition of neurite growth of cerebellar neurons and the major activity seems to reside in the protein cores (Niederöst et al. 1999) .
Unilateral application of a mixture of soluble CS-4 and CS-6 to the exposed brain of stage 28 Xenopus embryos caused navigation errors of a subpopulation expressing NOC-2, a novel glycoform of the neural cell adhesion molecule, of forebrain axons within the tract of the postoptic commissure (TPOC - Anderson et al. 1998 ). Interestingly, immunoreactive native proteoglycans containing CS-4 or CS-6 were widely expressed in the untreated Xenopus brain and neither delineated channels, pathways, or specific choice points. In spite of that, exogenous CS caused misrouting in ways that differed from those of NOC-2 mutants, interfering with crossing of the ventral midline in the preexistent ventral commissure to join the contralateral TPOC. Navigational errors were either persistent longitudinal growth into the ventral longitudinal tract or, less often, premature exit from the ipsilateral TPOC and dorsad extension into the diencephalon or midbrain. It was not verified whether navigational errors were restricted to the subpopulation expressing NOC-2, but it was clear that axon elongation was neither inhibited nor promoted. For this and other reasons, the authors proposed that exogenous chondroitin sulfates affected axon guidance by competing off a bound molecule, possibly netrin 1, from native CSPGs. However, this hypothesis was not tested further (Anderson et al. 2000) .
It should also be mentioned, in passing, that axonal response to CS-4 and CS-6 might differ in some commissural systems (Fernaud-Espinosa et al. 1996) . CS-4 was localized within the pathway of growing, neurofilament-reactive axons of the rat anterior commissure, while the course of tightly fasciculated axons was totally devoid of CS-6 which was, however, present in the surrounding regions (Cf. also Pires-Neto et al. 1998 ).
An analysis of axon routing at the embryonic mouse optic chiasm after enzymatic removal of chondroitin sulfate from living slices showed several age-related errors. At an early stage there was crossing of the midline at aberrant positions including formation of a retino-retinal pathway, at an intermediate stage there was abolition of the transient ipsilateral projection from the central retina, and at a late stage there was marked reduction of the ipsilateral projection from the temporal retina (Chung et al. 2000) . At any stage, there were increases in the area and complexity of growth cones both in premidline and postmidline sites. Interestingly, although retinal fibers express L1, such pathfinding defects had not been apparent in L1 mutant mice (Cohen et al. 1998) . It remains to be determined how the CS moieties of PGs modulate axon routing at the optic chiasm.
In view of the experimental evidence for a midline barrier to retinal axons at the midbrain tectum in mammals (Barradas et al. 1989 , Jhaveri 1993 ), a simplified system was developed by Garcia-Abreu and coworkers (1995a,b) to test the behavior of embryonic midbrain neurons on astroglial substrates derived from medial and lateral sectors of the embryonic (E14) midbrain (Fig. 1) . Furthermore, correlations were sought between the outgrowth-inhibitory (medial astrocytes) and outgrowth-promoter (lateral astrocytes) of these relatively immature glial cells to their content of sulfated glycosaminoglycans (Table I -Cf. also Garcia-Abreu et al. 1996) and revealed that midbrain medial astrocytes synthesize about 1.65 times more [extracellular + pericellular] CS per unit time than lateral astrocytes. A similar ratio (medial/ lateral) was also found for the entire complement of sulfated GAGs in comparisons of the entire tectal midbrain tissue of neonate hamsters (Hoffman-Kim et al. 1998) . These authors also demonstrated that PG cores are expressed at similar relative levels in midline and lateral tectum including those with molecular masses similar to those of 702 LENY A. CAVALCANTE ET AL.
NG2 and neurocan, considered as responsible for the inhibitory activities of the astrocytic Neu7 cell line (Fidler et al. 1999 ) and reactive astrocytes (Asher et al. 2000) , respectively. It would be of interest to verify the control of axonal growth and guidance at the spinal cord (and midbrain tectum) dorsal midline development of reactive gliosis in neurocan knockout animals which, presumably, present no major changes in brain development (Zhou et al. 2001) . Attempts to verify whether the higher content of CS in medial midbrain astrocytes was responsible for their outgrowth-inhibitory properties did not confirm this hypothesis (Garcia-Abreu et al. 2000) . Neurons growing on medial glia previously treated with chondroitinase ABC underwent only a very minor increase in the proportion of cells bearing neurites and in the total length of these processes, more precisely, in the length of the largest neurites (95th percentile). However, the same tendency was observed by the addition of an excess of CS-4 (Mendes et al. 2002) , the major GAG in midbrain glia (Onofre et al. 2001) . Thus, it is possible that both the enzymatic treatment and the addition of excess soluble CS disrupt CS-mediated binding of molecules that need not themselves be PGs (See also Emerling and Lander 1996) . At present, there are no clues about the identity of such presumptive molecules since, for example, there is no excess of tenascin-C in medial astrocytes with respect to the outgrowth-promoting lateral astrocytes (Garcia-Abreu et al. 2000) . It should be mentioned, in passing, that treatment of lateral astrocytes with chondroitinase ABC decreases noticeably their promotive ability for neuritic growth in comparison with the effect in medial astrocytes and that the excess of soluble CS-4 does not mimic as precisely this effect, causing more complex, concentrationdependent but non-linear effects (Mendes et al. 2002) .
It has been occasionally argued that the true effects of astrocytic CSPGs could not possibly be ascertained in conventional cell cultures in which the extracellular CSPGs would not be retained at the cell surface and would be greatly diluted by the medium (Asher et al. 2000, Cf. also Ichijo and Kawabata 2001) . The interpretation is that in three-dimensional cultures, as well as in the diminutive extracellular space of the mature brain, CSPGs would be trapped between the cells, where they would be in a position to interfere with access to neurite outgrowth-promoting molecules on astrocytes. That may well be true for the adult, injured brain and antagonizing it may represent a way to promote functional recovery after brain or spinal cord injury (Moon et al. 2001 , Bradbury et al. 2002 . However, the opposite effects of chondroitinase ABC on growth-modulating activities of lateral and medial glia points out to a heterogeneous distribution of CSPGs themselves in our system and/ or to attractive or repulsive proteins to which they attach. Again, it is interesting to recall that the DSD-1 proteoglycan (mouse homologue of phosphacan) displays opposing effects on neurite outgrowth dependent on neuronal lineage, showing a CS/ DS dependent growthpromoting effect on neurites of E-14 midbrain and E-18 hippocampal neurons and a growth-inhibitory effect on embryonic dorsal root ganglion neurons (Faissner et al. 1994 , Garwood et al. 1999 ).
Non-Neuronal HSPGs Modulation of Neurite Growth at the Midline and Other Sites
Little information is available on the older literature for a role of HSPGs on axon growth and guidance at the midline. Both the older and the current literature have emphasized the idea that HSPGs play a supportive role to axon growth (Hantaz-Ambroise et al. 1987 , Verna et al. 1989 , Riopelle and Dow 1990 , Halfter et al. 1997 , Dow and Wang 1998 , Yamaguchi 2001 , irrespective of contrary evidence of a HSPG as a substrate in vitro (Halfter et al. 1997 ). This uniformity of thought is surprising in view of the conflicting concepts of the role played by HS in other events such as tumor growth and metastasis (Cf. Liu et al. 2002 and references therein) . As already emphasized by Turnbull and coworkers (2001) , there has been an increasing realization that specific sequences in the HS chains are designed for selective interactions with many proteins and that HS functions as a new class of multifunctional cell regulator.
In spite of most of the early in vitro studies reporting an outgrowth-promoting activity of HSPGs. Review: (Dow and Wang 1998) there were examples in which HS-binding proteins were viewed as antagonistic to neurite extension (Tobey et al. 1985) . Ten years after the study of Tobey and coworkers (1985) , this dependence on the substrate was persuasively demonstrated by Dou and Levine (1995) who showed that the percentage of cerebellar neurons with neurites and the length of these neurites on a substratum of L1+HS (10 µg/ml) was half of the respective values for the same neurons on a L1 (only) substratum. For comparison, similar values for CS-6 were obtained only after adding this GAG at 100fold concentration (L1+CS-6 (1 mg/ml)).
In our work on the compartmental distributions of GAGs in medial and lateral midbrain glia, it was verified, but not emphasized, that sulfated HS (or, at least, its degree of sulfation) was about 1.5 higher than sulfated CS in both cultures and that sulfated HS in medial astrocytes was 3.25fold higher than in lateral astrocytes (Garcia-Abreu et al. 1996) . Interestingly, the percentage of the lane's radioactivity of radioiodinated core proteins was about fourfold higher for CSPGs than HSPGs in neonatal hamster optic tectum with the latter being apparently due to syndecan 3 and glypican 1 and to very low levels of a soluble HSPG (Hoffman-Kim et al. 1998) .
Treatment of M glial cultures with heparitinase before and during coculturing caused a dramatic reversal of M glia outgrowth-inhibitory capacity (Garcia-Abreu et al. 2000) . The proportion of midbrain neurons cultured onto heparitinase-treated M astrocytes that produced two or more neurites rose from about 40% to more than 80% and the median value of their total length increased more than 1.5fold (Fig. 2) . A dramatic change also occurred in their maximal total length that became more than twice as high as in the control neurons, grown on untreated M cultures. There were also changes in cocultures including L glia but they appear minor in comparison to those occurring in neurons cultured onto M glia. The dramatic changes occurring in M glia cocultures raise many questions such as (1) Could the changes in M glial cultures be merely due to removal of axonal HSPGs? (2) Are there changes in the glial surfaces that might give clues to the mechanism(s) involved? (3) If the answer to question 1 is "No", which are the candidates glial HSPG and which hypothetical mechanisms could be involved in causing inhibition of neurite growth?
It is highly unlikely that removal of HS from axonal HSPGs are the main object of the changes since heparitinase treatment of neurons cultured on laminin caused no significant change in the number or length of neurites with respect to the control (Garcia-Abreu et al. 2000) .
With regard to question 2, we approached it by using atomic force microscopy (AFM). AFM provides morphological information, makes it possible to infer the physical properties of the analyzed samples, and has been used to study the cell surface elasticity and viscosity and cytoskeleton dynamics in many cells including neuron and glial cells (Butt et al. 1990 , Radmacher et al. 1992 , Henderson and Sakaguchi 1993 , Parpura et al. 1993 , Braet et al 1998 , Weyn et al. 1998 . To be able to analyze the cell surfaces, glial cultures lightly fixed with paraformaldehyde were used and, in the case of L glia, results were consistent with scanning electron microscopic results found in the literature (Collins et al. 1979 ).
The outgrowth-promoting L astrocytes showed a highly corrugated surface, with closely-spaced protrusions measuring characteristically 0.3 − 0.5µm diameter and 0.2 − 0.3µm height, and displayed a strong interaction between the protrusions and the scanning tip so that the protrusions were dragged by the tip along the scan direction. By contrast, the surface of M astrocytes appeared to be devoid of such protrusions and was recovered by a fibrillar network, never detected in L astrocytes, with fibrils formed by straight rather then undulated segments which were not organized in any particular direction. Fibrils could be characterized as 0.12µm wide and 0.5 − 2.0µm long.
Treatment of L and M astrocytes with different enzymes, including chondroitinase ABC caused no change in their surfaces whereas treatment with heparitinase I resulted in the acquisition of an L-like profile by M cells. Together with our previous works on the distribution of the cell surface associatedmolecules, these findings may indicate that such different topographic and physical properties could reflect the complexity of network molecules on L and M surfaces. Furthermore, they also indicate that the distribution of HSPG(s) may be responsible for glia-neuronal interaction abilities.
Neither the formation of a fibrillary network nor its depletion by heparitinase are clearly understood. It is highly unlikely that the fibrils involve the polysialic acid units of the neural cell adhesion molecule N-CAM, which form filament bundle networks (Toikka et al. 1998 ) since E-14 mid- brain neurons but not our cultured astrocytes are immunoreactive for syalilated N-CAM (Garcia-Abreu et al. 1995b) . It is obvious that heparan sulfate is the major component of these fibrils or it is important for their stability. It is known that some HSPG such as a high molecular weight HSPG isolated from the murine Engelbreth-Holm-Swarm tumor can self-assemble into dimers and lesser amounts of oligomers (Yurchenco et al. 1987) but the binding region is opposite the origin of HS chains rather than in the chains. The occurrence of fibrils obviously evokes the occurrence pathological extracellular deposits of fibrillar β-amyloid and HSPGs. It is known that several HSPGs such as perlecan, agrin, glypican, syndecans 2 and 3, and collagen XVIII are found in senile plaques, ghost tangles and other deposits in Alzheimer disease (Snow et al. 1994 , Verbeek et al. 1999 , Van Horssen et al. 2002 . Furthermore, an electromicroscopical and immunocytochemistry study of brains affected by Alzheimer's disease has shown that certain Aβ -immunolabeled processes may contain GFAPreactive filaments (Kurt et al. 1999) . Furthermore, it is known that β-amyloid peptides inhibit cell adhesion and neurite outgrowth (Postuma et al. 2000) , thus, raising the possibility that the fibrillar network holds β-amyloid peptides and may cause the outgrowth inhibitory effects. However, it cannot be ruled out that HS takes part in the formation of other types of fibrils, e.g., a type that does not involve β-amyloid protein precursor. In fact, work employing the small protein acylphosphatase has suggested 706 LENY A. CAVALCANTE ET AL. that formation of amyloid-like fibrils is not restricted to a small number of protein sequences but may be a property common to many, if not all, natural polypeptide chains under appropriate conditions (Chiti et al. 1999 ).
An alternative, but not mutually exclusive, explanation is that the non-permissivity of M glia for neurite growth depends on a repulsive activity of the slit protein in association with cell-surface heparan sulfate, as demonstrated for olfactory axons in explant cultures (Hu 2001) . Several midline glial specializations such as the roof and floor plates and the chiasmatic glial palisade express slit (Erskine et al. 2000 and that may occur in the presumptive derivatives of the midbrain homologues in culture. There is also convincing evidence that glypican-1 binds slit (Liang et al. 1999 , Ronca et al. 2001 and there is no insurmountable obstacle to the formation of a complex of slit/ glypican and a (neuronal) robo receptor since glypican-1 is expressed by astrocytes (Bansal et al. 1996) and is shed from the cell surAn Acad Bras Cienc (2002) 74 (4) face (Winkler et al. 2002) . Additionally, syndecans 2 and 4, that may also be shed, are heavily expressed in cultured astrocytes (Bansal et al. 1996) .
The relevance of heparan sulfates to the modulation of axon growth and guidance at the midline may be much higher than usually believed. Heparan is expressed by SSEA-1 hypothalamic neurons in the mouse and may be involved in changes in age-related fiber order in the optic chiasm and chiasm/ optic tract transition (Chung et al. 2001) . Furthermore, very relevant findings on the relations of HSPGs to midline crossing have been found in the exposed, live brain of Xenopus embryos. Administration of exogenous heparin or perlecan-FGF2 to the optic tract of stages 37-40 embryos caused advanced optic axons to cross the dorsal midline via the posterior commissure (Walz et al. 1997) in addition to other navigational errors of bypassing of the optic tectum, with fibers either growing around the anterior or anterior/ ventral tectal margins. Heparitinase treatment and removal of axonal HS at these late stages also caused errors in axon guidance including erroneous crossing of the midline. Actual reduction of axonal growth was observed only in early embryos (stages 32-37) in which heparitinase caused a "shortening" of the optic tract that could be reversed by addition of FGF-2 but without correction of the navigational errors (Walz et al. 1997 ).
Significant new work has been done in the identification of the structural characteristics of HS that induce aberrant axon targeting such as the erroneous crossing at Xenopus dorsal diencephalon. Indeed this bypass-inducing activity has been correlated to distinct structures, particularly those containing a combination of 2-O-and 6-O-sulfate groups (Irie et al. 2002) and seems unrelated to N-sulfation, which is essential for FGF-2 signaling (Yamane et al. 1998 ). Thus, it has been hypothesized that 6-O-sulfated HS in the dorsal diencephalon provides a crucial component of a repulsive signal that is essential for correct axonal guidance in Xenopus. It remains to be determined whether a homologue component is responsible for the contribution of heparan sulfate to the non-permissive role of the midline glia to the growth of midbrain neurites in a mammal.
ACKNOWLEDGMENTS
We thank Fabio Mendes for permission to cite unpublished work and apologize to the many colleagues whose work was not cited for space constraints. LAC would like to thank Drs. Rosalia Mendez-Otero and Helena Nader for an invitation to present parts of this work in SIMEC 2002. The excellent technical assistance of Sergio Luiz de Carvalho is gratefully acknowledged. This study was supported by grants from FAPERJ, CNPq, PRO-NEX, and Instituto do Milênio de Bioengenharia Tecidual.
RESUMO
Organismos com simetria bilateral precisam trocar informações entre os lados direito e esquerdo de seus corpos a fim de integrar insumos sensoriais e coordenar o controle motor. Assim, um importante ponto de escolha para axônios em desenvolvimento é a linha média do sistema nervoso central. O cruzamento deste ponto é influenciado por moléculas altamente conservadas filogeneticamente, solúveis ou ligadas a membranas, tais como a sub-família L1, laminina, netrinas, "slits", semaforinas, receptores tipo Eph e "ephrinas", etc. Além disso, existe grande quantidade de evidências circunstanciais para um papel dos proteoglicanos (PGs) ou suas metades glicosaminoglicanas (GAG) no crescimento e orientação de axônios, geralmente obtida em modelos simplificados. Um modelo de complexidade intermediária é o de co-culturas de neurônios jovens e tapetes (culturas confluentes) de astrócitos obtidos de setores medial e lateral do mesencé-falo embrionário de roedores, pouco após a formação de suas comissuras. A produção de neuritos nestas culturas revela que, independentemente da localização prévia dos neurônios no mesencéfalo, astrócitos mediais exercem um efeito inibitório ou não-permissivo sobre o crescimento de neuritos que se correlaciona com um maior teor tanto de heparan quanto de condroitin sulfato (HS e CS). O tratamento com liases de GAGs mostra efeitos minoritários de CS e revela um papel majoritário inibitório ou não-permissivo para HS. Os resultados são discutidos em ter- 
